Using computer-aided design of single-site mutations, three amino acid residues determined by changes in folding free energy between wild-type (wt) and mutant proteins were exchanged to enhance the stability of pyruvate formate-lyase (PFL). The mutant enzymes were tested for properties such as optimum temperature, optimum pH, kinetic parameters, and stability to temperature. There were two mutant variants, Glu336Cys and Glu400Ile, that exhibited increased thermostability as compared to the wt enzyme. The melting temperatures (T m , the temperature at which 50% inactivation occurs after heat treatment for 20 min) of Glu336Cys and Glu400Ile increased by 3.7 and 2.2 respectively. They also showed an increase in half life of about 1.80 and 2.21-fold, whereas Ala273Cys showed a slight decrease as compared with the wt enzyme.
Enzyme engineering is undergoing the most profound and exciting transformation in its history. 1) Precise changes in amino acid sequence are preconceived based on a detailed knowledge of protein structure, function, and mechanism, and are then introduced using sitedirected mutagenesis, also called rational design. This technology holds strong promise of optimizing desired properties for commercial applications. Many enzymes with enhanced properties, such as sufficient stability, [2] [3] [4] [5] altered substrate specificity [6] [7] [8] and cofactor specificity, 9, 10) have been developed for industrial applications.
One of the main targets in protein engineering is to increase enzyme stability. However, to develop a rapid, efficient approach to enhance enzyme stabilities is not an easy task. Owning to the rapid development of bioinformatics, computational design has attracted more attention and has gradually become the standard method to alter protein stability. In addition, it has been widely applied in the other fields of protein engineering and drug design. [11] [12] [13] [14] Genome sequencing projects have revealed that bacterial and archaeal genomes contain many glycyl radical enzyme such as pyruvate formate-lyase, ribonucleotide reductase, keto acid formate lyase, glycerol dehydratase, benzyl succinate synthetase, and p-hydroxyphenylacetate decarboxylase. They all depend on a glycyl radical, and display extensive structural and mechanistic similarities. 15) Among the best studied examples are pyruvate formate-lyase (PFL, EC 2.3.1.54) and ribonucleotide reductases. 16) PFL is a glycyl radical enzyme that catalyzes the nonoxidative dissimilation of pyruvate to acetyl coenzyme A (acetyl-CoA) and formate when Escherichia coli is grown anaerobically. The 170-kDa homodimeric PFL enzyme is interconverted between inactive and active forms. Activation of PFL occurs only anaerobically, and is catalyzed by an ironsulfur protein called PFL-activating enzyme. Apart from inactive PFL, the other substrates in the reactivating reaction are S-adenosylmethionine and dihydroflavodoxin. The free radical in PFL is located directly on the enzyme's backbone at position Gly-734. The active enzyme species is extremely susceptible to dioxygen. Exposure to dioxygen results in irreversible inactivation through specific scission of the C-terminal portion of the polypeptide chain between Ser-733 and Gly-734. 17) However, relatively little has been discovered about the structure of glycyl radical enzyme, since, until recently, few structures had been crystallized. These limited data have restricted structural and mechanistic analysis.
In this study, we attempted to improve the stability of PFL using the rational design in silico by site-directed mutagenesis. Useful information on structure can be obtained to redesign PFL and other glycyl radical enzymes. At the same time, a novel tool for computational design of single-site mutations is applied in our study. It can yield a list of the most stabilizing, destabilizing, and neutral mutations. The algorithm of y To whom correspondence should be addressed. Tel:+86-771-3235706; Fax: +86-771-3238107; E-mail: priboh@gxu.edu.cn the software based on the folding free energy can be validated for its effectiveness in the further steps. Isopropyl -D-thiogalactoside (IPTG), ampicillin, sodium pyruvate, nicotinamide adenine dinucleotide (NAD), and dithiothreitol (DTT) were from Sangon (Shanghai, China), and were of analytical grade. All reagents were of analytical grade unless specified otherwise.
Materials and Methods

Materials
Conditions. Strains were grown in Luria-Bertani (LB) medium supplemented with glucose (5 g/liter), as described in a previous paper. 18) Aerobic cultures were grown in vigorously shaking conical flasks filled to a maximum of 10% of their volumes, while anaerobic growth of cultures occurred either in 200-or 500-ml stoppered bottles filled to the top, or in crimp-sealed serum bottles filled with an atmosphere of dinitrogen and dihydrogen (99:1). Unless otherwise noted, all of the subsequent procedures were carried out under strictly anaerobic conditions in a type NH anaerobic glove box.
Construction of recombinant and mutant E. coli PFL. Based on the sequence of Escherichia coli K-12 (gi:16127994) in GenBank, the pfl gene was cloned from the total DNA of E. coli JM109 by polymerase chain reaction (PCR) amplification with sense primer 5 0 -CGCATTAATATGCACCATCATCATCATCATTC-CGAGCTTAATGAAAAGTTAG-3 0 and antisense primer 5 0 -ATTAAGCTTGAGTGAATGCGACCAATAAC-3 0 (PshBI and HindIII restriction sites are underlined), to be cloned into expression vector pET-22b(+), which contains the NdeI and HindIII restriction sites. PCR amplification conditions were as follows: 94 C 2 min, 94 C 30 s, 52.5 C 30 s, and 72 C 3 min for 30 cycles, and 72 C 10 min for extension. The N-terminal sequence encoding a 6 His-tag was designed using Vector NTI 9.0. The resulting recombinant vector containing pfl was named pET22b-pfl. Expression plasmid pET22b-pfl was used as template DNA in all mutagenesis reactions.
Mutants were constructed by PCR using the LA PCR in vitro mutagenesis method, except for using Pyrobest DNA polymerse, whose fidelity is very high.
19) The pairs of oligonucleotide primers used in the PCR reactions were as follows: for the Glu336Cys mutation, 5 0 -AGAGAACAGTTCATCGTATTCCGGAGTACGC-AGG-3 0 and 5 0 -GGCGACCCGATCTGGGCAACCTG-CTCTATCGGTGG-3 0 ; for the Ala273Cys mutation, 5
0 -AGCAGCCAGGTAGCCGAAGTAAGTCCACTGG-ATAG-3 0 and 5 0 -GTTAAGTCTCAGAACGGTGCTT-GCATGTCCTTCGG-3 0 ; and for the Glu400Ile mutation, 5
0 -ATGGACACTTTAGCGGCGAATTTCTTGA-AGTTCAG-3 0 and 5 0 -CGACACCTCTTCTCTGCAG-TATATCAACGATGACC-3 0 . The three mutant plasmids were constructed, and designated pET22b-pfl336, pET22b-pfl273, and pET22b-pfl400 respectively. Introduction of mutations was confirmed by DNA sequencing. All DNA manipulations were performed using established protocols.
20)
Expression of purification of wild-type PFL and mutants. pET22b-pfl, pET22b-pfl336, pET22b-pfl273, and pET22b-pfl400 were used to transform competent cells of E. coli BL21 (DE3), and a single colony was inoculated into LB liquid medium supplied with 100 mg/ ml ampicillin, then incubated at 37 C. After the A 600 of the cell density reached 0.6, IPTG was added to a final concentration of 0.5 mM to induce gene expression. After 6 h of induction, broth was taken and centrifuged at 8,000 rpm for 10 min to collect cells. Crude extracts from approximately 1 g (wet weight) of cells were prepared. The cells suspended in potassium phosphate (PPB) buffer (pH 7.5) containing 10 mM dithiothreitol (DTT) were resuspended in 30 ml disruption buffer containing 2 mg/ml lysozyme and 1% Triton X-100 and incubated at 37 C for 12 h, and the homogenate was centrifuged at 10,000 rpm for 20 min to clarify the enzyme solution. The supernatant was loaded on a Ni-NTA Sepharose column. His-tagged PFL was bound to the resin in the equilibrating buffer (20 mM potassium phosphate buffer, pH 7.5, containing 0.5 M sodium chloride and 10 mM imidazole). Unbound and weakly bound proteins were washed out by a buffer containing 100 mM imidazole. The His-tagged enzyme was eluted by a buffer containing 300 mM imidazole. The active fractions were pooled and stored in a 50 mM potassium phosphate buffer 7.5 containing 10% glycerol and 10 mM DTT. Purified proteins were >95% pure, as determined by colloidal Coomassie Brilliant Bluestained sodium dodecyl sulfatepolyacrylamide (SDS-PAGE) gel electrophoresis.
Measurement of PFL activity and kinetic parameters. The activity of PFL was assayed spectrophotometrically by recording the change in absorbance at 340 nm at 30 C. The standard PFL-assay mixture contained 20 mM sodium pyruvate, 0.08 mM CoA, 1 mM NAD, 6 mM sodium DL-malate, 2 mM DTT, 1.4 U of citrate synthase (pig heart, EC 4.1.3.7) per ml, 13.8 U of malate dehydrogenase (pig heart, EC 1.1.1.37) per ml, and PFL in 100 mM PPB (final, 7.6). 21) All initial velocities were determined in triplicate.
The K m and K cat values were calculate by non-linear regression analysis of steady-state data using the GraphPad Prism program. The enzyme activity was measured as described above, except that the concentrations of the sodium pyruvate substrate used were in the range of 0.5-20 mM.
Results
Identification of stabilizing residues by PoPMuSiC PoPMuSiC (http://babylone.ulb.ac.be/popmusic/) is an efficient tool for rational computer-aided design of single-site mutations in proteins and peptides. 22) Its use has been previously described. 23) All possible stabilizing point mutations in the PFL were calculated for determination of differences in folding free energy between the wild-type and mutant proteins. The only input that PoPMuSiC requires is wild-type PFL in PDB format. The output that it generates contains n (a number given by the user) mutations that are, according to the user's wishes, the most destabilizing, the most stabilizing, or neutral. The three most stabilizing point mutations (Glu336Cys, Ala273Cys, and Glu400Ile) were chosen according to results by e-mail from the internet. The evaluation of folding free energy changes calculated in silico caused by single-site mutation was À3:05, À2:90, and À2:39 kcal/mol respectively ( Table 1 ). The folding free energy of the wild-type and mutant proteins were computed with linear combinations of the torsion and C -C potentials, as described in the previous section. Previous analyses have shown that the combination that gives the best evaluation of the ÁÁG depends on the solvent accessibility of the mutated residue. [24] [25] [26] Cloning, expression, and purification of the recombinant and mutant PFLs from Escherichia coli
The pfl gene was amplified using genomic DNA from Escherichia coli as a template generated as a single band of about 2.3 Kb in 8% agarose gel electrophoresis, corresponding to the complete gene of PFL. The pfl gene was cloned into expression vector pET-22b (+). Three mutant pfl genes were amplified by inverse PCR using mutant primers designed by program Vector NTI 9.0. The PCR products were blunted and kinated, and then ligated at 16 C for 8 h. The mutant plasmids were used to electrotransform competent cells of E. coli JM109. Overexpression of the recombinant and mutant pfl genes was obtained with E. coli stain BL21. The expression level of the wt and mutant enzymes was about in the same level as estimated from the 10% SDS-PAGE gel(data not shown).
Enzymatic properties of mutant enzymes
In order to compare the catalytic properties of the wild-type and mutant enzymes, all enzymes were characterized with respect to their temperature optimum, pH optimum, and kinetic parameters. Enzyme activity was assayed as described above in a temperature range of 20-50 C, and a pH range of 6.0-8.5. There was only a slight increase in the temperature optima of Glu336-Cys and Ala273Cys as compared to the wt enzyme ( Fig. 1) , but the activity of Ala273Cys showed an apparent sharp decline. The pH optimum of the enzymes, whether wt PFL or mutant PFLs, was 7.5 (data not show).
Effect of point mutations on K m , K cat , and K cat =K m The kinetic parameters K m , K cat , and K cat =K m for the wild-type and mutant enzyme were determined by steady-state kinetic analysis. As summarized in Table 2 , the kinetic constants of the mutant enzymes were not significantly altered as compared to the wt enzymes, except for Ala273Cys, whose kinetic constant was 0.964 mM, suggesting higher affinity for the substrate. The other kinetic constants of the wt and mutant enzymes were between 2.37 and 3.60 mM. These findings can be interpreted on the basis of the X-ray structure of PFL from E. coli. Glu336 and Glu400 are not located in the vicinity of the catalytic binding site, so the effect of Glu336Cys and Glu400Ile may be not significant to the combination of the substrate. However, Ala273, as one of residues at the substrate binding site, is located in the center of the protein, which can directly act on the substrate (Fig. 2) . The evaluation of wt and mutant enzyme K cat varied in a range of 0:10{2:39 Â 10 4 S À1 . The contribution of the mutated residues of K cat might be due to their involvement either in regulating the transition-state structure or in the rate-limiting step of the catalytic reaction. As Table 2 indicates, the enzyme with Ala273Cys mutations showed higher affinity between the enzyme and the substrate, but catalytic activity decreased dramatically. From the theoretical viewpoint, enhancement of affinity may affect catalytic activity by shrinking the catalytic domain or prolonging the time of reaction. Based on the Michaelis-Menton equation, there was a linear relationship between K m and Vm, and thus the decrease in the value of K m simultaneously resulted in a decrease in the value of Vm. The value of K cat also decrease as calculated by the formula ''K cat ¼ V max /[Et]'' (where Et is the final active enzyme concentration). The value of K cat =K m from mutant Ala273Cys was 0:104 Â 10 7 S À1 mM À1 , which shows a relatively marked decrease as compared with the others.
Effect of stability on point mutants
The half-lives of the single mutant enzymes Glu336-Cys and Glu400Ile were higher than that of the wt enzyme (Fig. 3) . The half-life of Ala273Cys was slightly less than the half-lives of the wild-type enzyme. However, whether the wild-type PFL or the mutant PFLs show a decrease in half-life after purification, it might be caused by the presence of small moleculars, which can stabilize the PFLs in the crude extract. The mutant Glu336Cys and Glu400Ile show increases in half-life of about 1.80 and 2.21-fold, whereas mutant Ala273Cys shows a slight decrease as compared with the wild-type enzyme. The thermal stabilities of wt and mutant enzymes were estimated by measuring the remaining activities at 30 C after heat treatment at various temperatures (Fig. 4) . As Fig. 4 shows, the T m s of thermostable mutant enzymes Glu336Cys and Glu400Ile were higher by approximately 3.7 and 2.2 C respectively than the T m of the wild-type enzyme. Formate-Lyase. The samples were incubated at different temperatures for 20 min and subsequently assayed for remaining activity. Activity was measured as described in ''Materials and Methods.'' Each point represents the average value of three independent measurements. Symbols: , wt-PFL; , Glu336Cys; , Ala273Cys; , Glu400Ile.
Analysis of PFL mutant points
PFLs is consisted of two sets of five parallel /-units in an antiparallel manner. In view of the second structure, Ala273 is located in the -turn betweenhelix-15 and -helix-16; Glu336 is located in thestrand between -turn-3 and -turn-18; Glu400 is located in the -strand between -helix-20 andhelix-21 (Fig. 5) . The amino acid in the middle of the two -helices might affect the flexibility of the enzyme.
The molecular flexibility of an enzyme always opposes stability, so Glu400Ile probably results in a change in stability. At the same time, stability is always improved by sacrificing the activity of enzyme, such as Glu336-Cys. The replacement in Ala273Cys induces tighter binding to the pyruvate, because the space between the enzyme and the substrate is smaller. Furthermore, the disulfide bond between 273Cys and 418Cys is caused by the substitution of Ala273Cys. It is judged by analysis of 3D structure using the spdbv (http://ww.expasy.org/ spdbv/) program.
Discussion
Clearly, at present, a bottleneck in designing more stable proteins is the lack of accurate methods to determine the positions leading to effective stabilization. We successfully enhanced the stability of PFL using computer-aided design by the substitution of a single amino acid, which can be measured by the change in folding free energy. The result indicated that more stable proteins could be obtained, and the activities of the mutants did not greatly decline, but basically maintained at the wt level. Many successful examples of enhancement of stability are at the expense of protein activity. Therefore, the PoPMuSiC program is validated for improving the stability and the algorithm is feasible. The stability changes are evaluated using effective potentials derived from known protein structures. Several poten- Amino acid sequence numbers of first and last residues in the -helices and -strands are specified. Secondary structure was assigned by DSSP. tials are considered, representing different kinds of interactions. The distance potentials, dominated by hydrophobic interactions, represent the main interactions stabilizing the protein core, whereas torsion potentials, describing local interactions along the chain, represent interactions at the protein surface, even though the software also showed limits of the algorithm or theory. Since the stability of a protein is determined by a number of interactions, such as hydrophobic and electrostatic interactions and hydrogen bonding, the result for Ala273Cys was not ideal. At the same time, this indicated that some elements contributing to stability were negligible. The stability of Glu336Cys and Ala273Cys might be affected by the introduction a disulfide bond. Several successful efforts at stability enhancement caused by the introduction of a disulfide have been reported. [27] [28] [29] Replacement of amino-acid residues with Cys is interesting, and there are other possible replacements to realize a more stable form, such as Pro or Arg. [30] [31] [32] In order to stabilize the enzyme by forming more rigid peptide backbones, Pro was frequently introduced into the wild-type enzyme by sitedirected mutagenesis. 33) As shown in Fig. 6 , the mutant points were located in the outer space of the hydrophobic core, and this area might affect the stability of the protein.
Recently, computational redesign has been used to generate a thermal variant of the cytokine TRAIL, 34) to enhance the stability of the spectrin SH3 domain, 35) and to improve the stability of the therapeutically interesting four-helix bundle cytokines, granulocyte colony-stimulating factor, 36) and human growth hormone. 37) In the case of enzymes for which extensive information concerning structure and function is available, rational design is a powerful tool for studying and engineering many properties of the enzyme, such as stability, substrate specificity, and catalytic activity. In conclusion, rational design of enzymes is a stringent test of our understanding of proteins and it has numerous potential applications. Computer programs have also been devised that they could build entirely new active sites into proteins of known structure. With the development of bioinformatics and understanding of the relationship of the structure and function, rational design should be a simple, rapid, and efficient approach to modification of the properties of the enzyme for industrial applications.
